In the present work the synthetic clay mineral fluorohectorite was studied by means of extended X-17 ray absorption fine structure (EXAFS) in a powder sample with the intention to observe the number 18 of neighbouring atoms to the Ni interlayer cation. In addition X-ray Diffraction (XRD) was 19 performed in order to follow the hydration states of Ni-fluorohectorite in terms of basal-spacing 20 measurements. The sample conditions were the same for both types of experiments. The EXAFS 21 results show that Ni 2+ forms a Brucite-like structure in the form of Ni(OH)2, and that this structure 22 coexists with the clay mineral particles. This shows that the Ni atom observed by means of our 23 EXAFS measurements is predominantly the Ni which composes the Brucite-like structure and not 24 the interlayer Ni 2+ cation. In order to confirm the formation of the Brucite-like structure, the 25 EXAFS data from Ni-fluorohectorite were compared to Ni-salt water solutions at various pH. 
Introduction 40
The ability of the smectites to absorb molecules into their interlayer space is well known. 41 The swelling property, which is resultant of interactions between these molecules and the clay 42 mineral itself, has attracted the interest of many scientists, and it is important in a wide number of 43 clay mineral based applications. For example, in a recent study, molecules of CO2 could be 44 intercalated at specific values of pressure and temperature , which is 45 important for CO2 storage. In another study, important in drug delivery applications, it was 46 demonstrated that it is possible to intercalate tetracycline into Laponite (Ghadiri et al., 2013) . 47 However, one of the most studied, although not yet completely understood complex system, is the 48 interaction between water and the clay mineral. The process of water intercalation is highly 49 dependent on the interlayer cation as well as on the layer charge (Dazas et al., 2013; Gates, 2006 ; 50 Gates et al., 2012) and it has been studied by many techniques such as X-ray diffraction (XRD) 51 (Wada et al., 1990 ), X-ray absorption fine structure (XAFS) (Ashley and Doniach, 1975 ; Lee and 52 Beni, 1977; Lee and Pendry, 1975; Schaich, 1973) , nuclear magnetic resonance (NMR) (Tenorio et 53 al., 2010 (Tenorio et 53 al., , 2008 and Quasi-elastic Neutron Scattering (QENS) (Bordallo et al., 2008; Gates et al., 54 2012) . 55
XRD gives information about the interplanar distances of the (001) basal planes. However, 56 the details about the behaviour of the intercalated components such as cations and its solvation 57 layers cannot be obtained from XRD. Other methods, such as extended X-ray absorption fine 58 structure (EXAFS), must be used to obtain complementary information of such processes. The 59 EXAFS method uses the interlayer cation itself as a probe. 60
The synthetic clay mineral fluorohectorite, used here, has chemical nominal formula 
Materials and Methods 86

Sample and experimental setup 87
The samples were prepared by cationic exchange starting from Li-fluorohectorite in a three 88 months dialysis procedure as described elsewhere (Løvoll et al., 2005) . The pH was measured to be 89 9.5 during the cation exchange process and this was adjusted by the clay itself. 90
After the cation exchange process, the dried Ni-fluorohectorite powder samples were placed 91 in a specially designed cell, as shown in Fig. 1 The experiments were carried out varying the temperature in two different conditions: (1) in 100 a completely dry environment, with relative humidity RH = 0 %, and (2) with the samples in the 101 presence of humidity. 102
In the first case, the temperature were scanned from 20 °C to 125 °C, in steps of 5 °C, 103 keeping the RH at 0 % along the scan. In the second case, the measurements were performed in the 104 temperature range between 5 °C and 65 °C in steps of 10 °C. The RH was varied by circulating 105 humidified air through the cell shown in Fig. 1 . In both cases the time interval between each 106 temperature step was ~ 20 minutes for the system stabilization. 107 108 
110
EXAFS data collection and analysis 111
EXAFS data at the Ni K edge were collected on beamline D04B at the Brazilian 112
Synchrotron Light Laboratory -LNLS, Campinas -SP, Brazil. It is equipped with a Si (111) 113 channel cut monochromator calibrated at the inflexion point of the absorption edge for the pure 114 element Ni (8333 eV), obtained by transmission (Tolentino et al., 1998 (Tolentino et al., , 2001 ). The spectra were 115
taken, approximately, from 200 eV below the edge to 1000 eV above the edge. The experimental 116 data were normalized by the intensity of the last point in energy and compared with the spectra of 117 the Ni standard sample. 118
For background subtraction and data fitting, the softwares ATHENA and ARTEMIS (Ravel 119 and Newville, 2005) were used. Individual spectra were averaged and subsequently corrected for 120 background absorbance and normalized. Data analysis was carried out in the standard way 121 described in (Elam, 1989) . The scans were aligned with the reference spectra and merged in energy 122 space. Pre-edge background was removed and spectra normalized to a step height of 1. The edge 123 energy E0 was chosen at the inflection points of the absorption edges. The post-edge background 124 was removed to isolate the EXAFS oscillations in the energy space χ(E). The data were then 125 transformed to wave number space χ(k) in the range from 0.0 to 15.0 Å -1 . Fourier transformation of 126 the raw k 2 χ(k) function (Sayers et al., 1971 ) was performed in the interval 2.0 < < 14.0 Å −1 to 127 obtain a radial structure function. In this process, it was used a Kaiser-Bessel window function with 128 width 2.0. 129
Characteristic EXAFS spectra are modelled by (Lee and Pendry, 1975 ) 130
where ( ) is the effective scattering amplitude, ( ) is the phase shift, ( ) is the mean free 131 path of the scattered photoelectron, 0 2 is the electrons reduction factor, is the distance to the 132 neighboring atom, N is the number of neighbouring atoms, and σ is the disorder in the neighbours 133 distances (Debye-Waller factor). 134
XRD data collection and analysis 135
The simultaneous XRD measurements (at beamline D04B at LNLS as described above) 136
were performed for the case in which RH was different from zero. The experimental procedure 137 consisted in fixing the X-ray beam energy at 200 eV below the Ni absorption edge (8.333 keV) for 138 the acquisition of 2D diffractograms by using an image plate. The experimental setup sketch is 139 shown in Fig. 2 . 140
The basal spacing of layers was determined from Bragg's equation, written in the form, 141
where is the X-ray wavelength, Np is the number of pixels and Sp is the pixel size (0.2 mm), and 142 dSD is the sample to detector (image plate) distance, set to 290 mm during the experiments. 143 144 145 
Results 147
EXAFS 148
The 2 -weighted EXAFS spectra for Ni-fluorohectorite taken at some temperatures in dry 149 environment and in the presence of humidity are shown in Fig. 3(a) and Fig. 3(b) respectively. In 150 temperature, which was not observed as shown in Fig. 4 (a) . 176
XRD 177
In order to monitor the clay mineral hydration states, XRD experiments were performed 178 simultaneously with EXAFS, as described in section 2. The XRD results, presented in Table 1 and presence of such a Brucite-like structure is not interfering with the swelling process, due to the 205 water intercalation. From Fig. 4 it is possible to see the minimum size of the Brucite-like structure, 206 which is ~ 3.5 Å. One can note that such a structure is too large to fit within the interlayer space. 207
Thus one can assume that they are located in between the clay mineral particles, as suggested in 208 Fig. 6 . 209
The H + generated from the hydrolysis of the Ni 2+ 
218
In order to verify the appearance of this Brucite-like structure, a salt solution of 219 NiCl2⋅6(H2O) with different pH values was prepared. An EXAFS spectrum was taken and 220 compared with the spectra obtained from the Ni-fluorohectorite. The results are in Fig.7 , which 221
shows that in a basic pH there is a formation of a Ni(OH)2 structure with two different coordination 222 shells. In fact, taking into account the solubility product constant for the Ni(OH)2, it is possible to 223 predict that precipitation of nickel hydroxide starts at pH ~ 7 in a 0.1 mol/L Ni 2+ solution, for 224 example. The peak positions from the Ni solution with pH 7.77 are similar to those of hydrated Ni-225 fluorohectorite at 20°C, which was obtained with a dialysis procedure at pH approximately 9.5, set 226 by the clay itself. 227
One can also observe that at the pH 7.77, a peak at ~3.1 Å, which corresponds to the second 228 peak position of Ni-FH, appears. EXAFS studies of a Ni water solution, with pH in the same range, 229 a crystalline structure similar Ni(OH)2 to is formed (Pandya et al., 1990 ). 230 231 
235
The quantitative analysis, of the data presented in Fig. 4 was done using the standard 236 Ni(OH) 2 model. In this model Ni has 6 oxygen and 6 nickels in the first shell and second 237 coordination shell respectively. The data fitting was performed using k 2 -weighting. The software 238
IFEFFIT ( . This is typical of six fold coordinated Ni and based on these reports it was adopted both for 250 N O-Ni and N Ni-Ni an idealized value of 6. 251 252
Following Fig. 4 (a) an inverse FT was performed for the first coordination shell, within the 253 interval of = 1.0 − 2.8 Å. The fitting parameters were the radial distance ( , Å) and the Debye-254
Waller factor ( 2 , Å 2 ). The procedure for the second coordination shell was repeating the process 255 done in the first shell but extending the interval to 3.8 Å. The results of these adjustments are 256 shown in Table 2.  257  258  259  260   Table 2 -Curve fitting results of Ni K edge EXAFS spectra of the Ni-fluorohectorite for first and second coordination shells 261 for the Fig. 4(a) .
262
T (° C)
The first shell -Ni-O The second shell -Ni-Ni 
263
The Debye-Waller factor obtained previously for the dry case was kept fixed and the same 264 values were used for the humid data fittings. The coordination number was also a parameter used to 265 evaluate its behavior. The results of the adjustments are shown in Table 3 . 266 267 
270
The coordination number of the first and second shells has small oscillations around the 271 number previously set for the dried case but within the uncertainties it can be considered constant 272 and it does not reflect the water intercalation process observed in XRD. For the interatomic 273 distances the values of R Ni-O ≈ 2.04 Å and R Ni-Ni ≈ 3.08 Å remain equal to the ones obtained for 274 the dried case. Thus, the information contained in Tables 1 and 2 show that the same structure was 275 present independently of whether the sample was dried or humidified. 276
Conclusion 277
In this work EXAFS measurement was performed as a function of temperature studying the 278 synthetic Ni-fluorohectorite in two different situations of RH: Dry and humidified. Simultaneous insitu XRD measurements were performed in order to verify the clay mineral hydration states, using 280 the (001) reflection, within a range of temperatures and RH. 281
The present EXAFS study indicates the presence of a structure similar to Brucite in the form 282 of Ni(OH) 2 . It is verified that the process of such a structure depends on pH, suggesting that it can 283 be connected to the high pH characteristic of the Ni-fluorohectorite clay mineral. The water 284 intercalation process measured simultaneously in-situ by XRD, cannot be directly observed as a 285 dominant feature in the EXAFS measurements due to the presence of the Brucite-like structure. The 286 observed Brucite-like structure is present both in dry and humid sample conditions, indicating 287
Brucite-like formation during the cation exchange process for the Ni-fluorohectorite samples used 288 in these studies. The present experiments do not provide an answer to wherein the sample the 289
Brucite-like structures are located, whether they are attached to the clay mineral particles or 290 distributed within the clay mineral particle powder, or both. The size of the Brucite-like structures 291
does not allow them to fit inside the interlayer space of the clay minerals, in accordance with our 292 XRD measurements. Since the hydrolysis produces protons, these protons can contribute to the 293 neutralization of the negative charge of the fluorohectorite layers. Thus Hydrogen-fluorohectorite is 294 produced and the change of the interlayer distance upon heating can be due to dehydration of 295 Hydrogen-fluorohectorite. 296
A future work is to verify experimentally any presence of Hydrogen-fluorohectorite, and the 297 Brucite-like structure. Future investigations should also include performing EXAFS as a function of 298 relative humidity while keeping the temperature fixed. In this way the amplitude reductions in the 299 EXAFS will be mainly attributed to changes in the coordination number. 300
